Since the discovery of mitochondria by Altmann (1880), many techni ques of fixation and staining have been devised. The techniques of fixation can be classified into two groups: osmic acid-potassium bichromate and its varieties, and formalin-potassium bichromate and its varieties. The staining methods used in combination with these fixation techniques are principally these three:
Altmann's acid fuchsin, Benda's crystal violet, and Regaud's iron hematoxylin.
These methods are, however, by no means successful with every material.
The mitochondria in materials of invertebrates and plants are usually especially difficult to demonstrate with these techniques.
The staining is rather obscure and is not specific to mitochondria.
Moreover, these techniques are all time-consuming and troublesome.
For example, the combination of Champy's fixative and Benda's post-rinsing in chrome salts, which is generally thought to be the most excellent technique, takes six days. After cutting the blocks and affixing the sections to slides, they must be bleached in hydrogenperoxide or Pal's fluid overnight before the staining procedure can be applied. Even so, the specificity is so unreliable that the identification should be made by means of electron-micrographs.
As for the vital staining, Michaelis (1900) first found that Janus green B stained the mitochondria in living cells. Since then, this dye has afforded many data in studies of living cells. Many workers have found, however, that vital staining with Janus green B is not always successful. The causes of such capricious staining may be, in some cases, the physiological condi tions; in other cases, the masked conditions of mitochondria, and so on. With the purpose of elucidating this question, Lazarow and Cooperstein (1953) experimented, supposing the possibility of the reduction and oxidation of the dye in the living cells. When the dye permeates the cell cortex, it is reduced to the leuco-dye by DPN-dehydrogenase, and then it is recovered to the green color by the oxidase present on the surface of mitochondria. In spite of all these possibilities, there are many other factors which influence the positive staining of mitochondria in the cytoplasmic medium.
Indeed, there are many materials in which vital staining with Janus green B fails to stain the mitochondria, and we are frequently quite at a loss to explain this indifferent feature of the dye.
With the purpose of obtaining a simpler and better method , which will even have cytochemical significance, the present writer has made various attempts, using various dyes and chemicals.
Among these attempts , the "LBC reaction" (l euco-brilliant cresyl blue reaction) (so named by the present author) gave the best results; these results are detailed below.
Method
The aqueous solutions of certain quinone-imine dyes, including oxazines and thiazines , were employed. Of these dyes, brilliant cresyl blue, toluidine blue, and methylene blue were suitable for the reaction. Practically, brilliant cresyl blue gave the most steady results. The dye solution and reagent were prepared as follows.
Preparation of the dye solution: 0.5g of dyes were dissolved in 100ml of a phosphate buffer with the pH ranging between 4 and 8. The buffer solution was prepared after the method of McIlvaine. Practically, it was convenient to prepare the solutions with pH 4.0, 6.0, 6.5, 7.0 and 8. The optimal pH varies according to the materials, yet it is the author's experience that pH 6.5-7.0 is most common in the normal cells of plants and animals. However, it is important to change the pH of the solution when the reaction is negative. About 3ml. of the dye solution was poured into the test tube, and then about 0.45g of Zn powder was added. Then it was boiled over a flame until the blue color faded and the mixture became colorless. The time of the complete reduction varies according to the pH of the solution. It was found by electrical measurement that the addition of Zn powder has scarecely any influence upon the pH of the dye solution. The more alkalic the solution, the more time it takes to reduce it. At pH 4 it takes quite a little time after the boiling begins. The leuco-dye solution is not entirely colorless; it is often slightly pinkish. Then the surface of the leuco-dye solution was covered with liquid paraffin in order to prevent oxidation by the air. The solution in the test tube was next cooled in the water in the beaker. This leuco-dye solution does not keep for a long time, so it should be prepared anew for every observation. The blue-colored solution resulting from the intrusion of oxygen through the liquid paraffin layer should be discarded.
The preparation of the DNP solution: 1g of DNP (2: 4-dinitrophenol) was dissolved in 100ml of distilled water, to which 0.5g of NaHCO3 was then added. DNP dissolves slowly in water; it completely becomes a solution on standing overnight, however. Then one drop of 10% NaOH was added to the solution to make the pH of the solution 7.0. For marine animals, sea water should be employed as the solvent.
The reaction procedure: As the LBC reaction proceeds on living cells, the materials should be so thin as to be observable under a microscope. The thin sections of plant materials are easily obtainable by cutting them with a razor, but those of animal materials are usually difficult to obtain. For this purpose, teasing or homogenizing is useful. An apparatus named "vivotome", which was devised by the present author, is highly recom mended for making thin slices from very soft materials (Tarao 1962) . The reactions in spermatozoa, muscle fibers, gill plate, pancreas, blood cells, the epidermis of leaves are all easily observable in toto in reagents.
On the slices of fresh tissues, add several drops of a 10% MgSO4 solution (in distilled water) and leave them for 10 minutes. For plant materials, a 5% solution may be preferable so as to avoid plasmolysis. Then drain the solution off with a mouth capillary pipette, and add one drop of a DNP solution and three drops of a leuco-dye solution successively, but almost at the same time. Then expose them to air for one-and-a-half minutes to oxidize the dye solution. It is convenient to measure the duration time with a sand clock. Then cover the material in the reagent with a cover slip. The mitochondria stain intensely red, surrounded by the green background. Usually, the greater part of the tissue cells are ( Fig. 2 ). The addition of KCN in place of NaN3 gives the same results.
These inhibitors of cytochrome oxidase should always be fresh. It is pre ferable that the solution be prepared anew for every experiment, because the solution loses its nature by absorbing carbon dioxide from the air. Fig. 3 shows the hepatic cells of the rat, in which many small mito chondria are stained red by the reaction. The nuclei remains unstained. The negative reaction by the inhibitors, as in the case of the spermatozoa, is also successful; the contrasting figures are shown in Figs. 8 and 9 .
The mitochondria in the pancreatic acinar cells stained by the reaction are shown in Fig. 4 . In this material they are diffused throughout the cytoplasm, and they are much larger than those of liver cells. Closer exa mination reveals that the reaction is mostly positive on the outer membrane of mitochondria.
The reaction in the pancreas is observed to be positive on some restricted parts, while the other places are negative.
This capricious staining may be supposed to result from the physiological conditions during the secretion. The diffuse blue staining of the photograph is due to the haphazard oxidation of the leuco-dye. This difficultly in staining is surely the result of the presence of the thick cell wall of cellulose, which interferes with the penetration of the reagents.
Such being the case, soaking in 5-10% MgSO4 (10% seems to be best) is indispensable.
The mitochondria of the present material are round bodies which frequently gather around the chloroplasts.
The chloroplasts are never stained by the reaction.
Uncolored photomicrographs. It is regrettable that these uncolored photomicrographs do not show the difference between red staining and blue staining. Yet the black portions of the photographs may safely be supposed to represent red in original color; otherwise special remarks will be made. Fig. 6 . Spermatozoa of a Guinea pig. The middle pieces are rather short as compared with those of the rat. They are quite well stained by the reaction, while the remaining parts are negative. Fig. 7 . Spermatozoon of a horse tail (Equisetum arvense L.). They swim out from the prothalium in the water when the archaegonia are fully; matured. The LBC reaction reacts on a large mass of mitochondria in the apical portion, gradually attenuating along the ridge of the posterior part. In the posterior part of the reactive area, the mitochondria are observably; in granules. The posterior half of the abdomen and the apical cilia are quite negative to the reaction. The stained spermatozoa are frequently observed to swim about vigorously in the water.
Figs. 8 and 9. The hepatic cells of the rat. Fig. 8 shows the positive reaction of mitochondria in the group of hepatic cells, which correspond to thoses of Fig. 3 . In Fig. 9 , the reaction is negative responsible for the prohibitory influence of NaN3. The black color of this photograph represents the blue color resulting from the simple oxidation of the leuco-dye.
These thin slices of the liver were made by employing the vivotome, the author's own invention (Tarao, 1962) . Fig. 10 . The photograph shows the LBC reaction on the cells of the proximal convoluted tubule of the kidney of rat. The slices were made by employing the vivotome. In this material, mitochondria are usually seen, especially by means of the electron microscope, to be closely gathered in the cytoplasm. They are densely packed between the basal infoldings which run parallel to each other in the basal region of the cells. Fig. 11 . Ascite cells of Yoshida sarcome. After the implantation of the mother cells of Yoshida sarcome, rats usually die in about 12 days. It is very interesting to note that most of the sarcome cells are apparently negative to the LBC reaction, though the cells are separated as they float mold are generally strongly positive to the LBC reaction. Fig. 18 . Hair cells of the stamen of Tradescantia reflexa Raf. The reaction is not always successful on this material because of the thick cell membrane around the cytoplasm.
It may be supposed that the penetration streaming. The color resulting from the reaction is a little bluish in this material.
Discussion
As has been stated in the introductory part of this paper, the classical techniques to demonstrate mitochondria take much time and, moreover, lack specificity in staining. The present technique, the LBC reaction, saves much time in the study of mitochondria.
The procedure is so simple that it enables us to repeat it many times in a short period of time. Thus, it is useful in the study of the behavior of mitochondria following the change in physiological conditions (cf. Junqueira and Hirsch 1956) . The vital staining (VS) is especially important, as it may imply a certain physiological condition of the cytoplasm.
The difference between positive and negative reactions in the same tissue cells is not yet clear; further experiments need to be performed. Concerning this point, the epithelial cells of the gill of the clam are extremely important.
The analysis of the cause of the negative reaction is by no means easy, because there are many factors which may inhibit the reaction; e. g., the hindrance of the permeability of the reagents by the cell wall, the lack of oxygen to oxidize the leuco-dye in the cytoplasm, the lack of a certain enzyme to catalyze the production of the new red dye, the shift of pH from the optimal in the cytoplasm, the masked condition of mitochondria, and so on. Generally speaking, the cytochemical reactions on the living cells are indeed very difficult. For these reasons, it is necessary to overcome those obstacles which inhibit the reaction.
As has been seen in the foregoing paragraph, by the previous addition of MgSO4 the penetra tion of the reagents becomes easier to some extent. To analyze the mechanism of the reaction the spermatozoa of animals afford the most suitable material, for in them the direct contact of reagents with mitochondria (the middle piece) is possible. Employing spermatozoa, therefore, the optimal pH and the inhibiting effect of NaN3, KCN, or hydroxylamin were studied (Figs. 1 and 2). The masked condition of the mitochondria is possible in the living cells. The masking substances may be proteins, polysaccharides, or lipids. Mitochondria are known to be composed of lipids and protein.
Generally, however, they do not react positively to the specific reactions of lipinous substances, especially while they are living. Likewise, the Golgi apparatus is usually composed of lipids and protein.
It was proven by the present author (Tarao 1939 (Tarao , 1940 that the lipids of the Golgi apparatus are dis closed by the Nile blue sulphate, if the protein of the apparatus is partly digested with trypsin.
Besides lipids and proteins, it is possible that the mitochodria are masked by polysaccharies, though the proof of this is still lacking.
Therefore, caution must be taken that the negative reaction does not always indicate the negative condition of mitochondria to the LBC reaction.
It has been reported that mitochondria swell when subjected to hypotonic solutions or several reagents, including dinitrophenol (Hunter et al . 1959 ). The results obtained by the LBC reaction, however, do not reveal enough swelling for this to be taken as an artefact. Next, the specificity of the reaction should be discussed . The selective staining of the mitochondria strongly suggests that the reaction occurs by means of a certain enzyme within the mitochondria . This idea is supported by the fact that the reaction is inhibited by previous soaking in a solution of KCN, NaN3 or hydroxylamin.
A flocculent precipitation of Mg(OH)2 arises between KCN and MgSO4; consequently, a previous soaking in a MgSO4 solution should be omitted. To study the influence of the inhibitors, the spermatozoa of animals are the most suitable material.
Thin slices of rat liver are also suitable for this purpose.
As has been mentioned in the technical paragraph, there is an optimal pH for each material, the most common optimal pH values ranging between 6.5 and 8.0. It is the present author's experience that dead material is never responsive to the reaction. This decrease in reactive potency has been very well studied in the gill of clams. The clams were stocked in an icebox for a long period. The gills were observed to become gradually weak in the LBC reaction and finally to dissolve themselves by autolysis. Judging from the above-mentioned data, it is possible that the enzyme which catalyses the production of red dye is the cytochrome oxidase in the mitochondria. This supposition may also be supported by the mechanism from the chemical point of view. Though it is not yet verified, there seems to be some possibility of parallelism concerning the equation between the Nadi reaction (indophenol blue reaction) and the LBC reaction (cf. Lison 1953 and Pearse 1954) .
By employing the branchial cells as the material, the present author can show the parallelism between the Nadi reaction and the LBC reaction (Figs. 13 and 15). As has been stated above, the reactive zones were recognized to show exactly the same localization of the active enzymes disclosed by both methods.
In addition, it may be worth mentioning that dead material and fixed material never reacted to the LBC reaction. It is the author's experience, for instance, that the organs of the larvae of Japanese fireflies showed a marked difference between living and dead; the tissue cells of the former are reactive, while those of the latter are non-reactive.
In spite of the data stated above, this supposition has not yet been proved. The most regrettable defect of this reaction is the appearance of a surplus red dye which is produced on mitochondria and other particles in the fluid. In the case of IS, this artefact is conspicuous. This artefact staining can be stopped by fixation with corrossive sublimate or, better by placing the cover slip over it before it grows. This artefact precipitation is supposed to arise autocatalytically.
This surplus artefact product of a red dye makes us suspect the specificity of the LBC reaction to the cytochrome oxidase-However, in view of the data mentioned above, the cytochrome oxidase on the mitochondria must be one of the catalyzers, or even the principal cata lyzer, producing the new red dye. The same defect can be seen when G type of Nadi reaction is applied to living material over varying periods of time. Moreover, when a mixture of solutions of alpha-naphthol and dimeth -ylparaphenylenediamin stand for a long time, the indophenol blue gradually arises, even when the material is absent. Therefore, it may be concluded that the LBC reaction is precious from both the morphological and physio logical points of view. Especially, the vital staining (VS) indicates a certain physiological activity of cells; this activity will be studied more particularly in the future.
